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ABSTRACT: Low bulk diffusivity inside viscous semisolid atmospheric secondary organic aerosol 1 
(SOA) can prolong equilibration timescale, but its broader impacts on aerosol growth and size 2 
distribution dynamics are poorly understood. Here we present quantitative insights into the 3 
effects of bulk diffusivity on the growth and evaporation kinetics of SOA formed under dry 4 
conditions from photooxidation of isoprene in the presence of a bimodal aerosol consisting of 5 
Aitken (ammonium sulfate) and accumulation (isoprene or α-pinene SOA) mode particles. 6 
Aerosol composition measurements and evaporation kinetics indicate that isoprene SOA is 7 
composed of several semivolatile organic compounds (SVOCs), with some reversibly reacting to 8 
form oligomers. Model analysis shows that liquid-like bulk diffusivities can be used to fit the 9 
observed evaporation kinetics of accumulation mode particles, but fail to explain the growth 10 
kinetics of bimodal aerosol by significantly under-predicting the evolution of the Aitken mode. 11 
In contrast, the semisolid scenario successfully reproduces both evaporation and growth 12 
kinetics, with the interpretation that hindered partitioning of SVOCs into large viscous particles 13 
effectively promotes the growth of smaller particles that have shorter diffusion timescales. This 14 
effect has important implications for the growth of atmospheric ultrafine particles to 15 
climatically-active sizes.  16 
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INTRODUCTION 19 
Secondary organic aerosol (SOA), produced by oxidation of anthropogenic and biogenic volatile 20 
organic compounds (VOC), constitutes a major fraction of the submicron atmospheric aerosol1, 21 
and plays a crucial role in the growth of nanoparticles to climatically active sizes of about 80 nm 22 
and higher2-4. The current understanding is that, in the absence of an appreciable particulate 23 
aqueous phase, SOA formation and particle growth mechanisms depend strongly on the 24 
volatility (i.e., effective saturation vapor pressure, C*) of the oxidation products, and broadly 25 
fall into two categories: (1) kinetic condensation of extremely low-volatility compounds5 (C* < 3 26 
× 10-4 µg m-3) and supersaturated vapors to the pre-existing Fuchs-corrected surface area size 27 
distribution, facilitating the growth of the smallest particles3,6; and (2) Raoult’s law-based 28 
equilibrium absorptive partitioning of semivolatile organic compounds (SVOC, 0.3 < C* < 300 µg 29 
m-3) to the pre-existing organic mass size distribution7, favoring the growth of larger particles3,6. 30 
The latter assumes that the absorbing particulate organic phase is liquid-like, implying rapid 31 
intra-particle diffusion of the condensing compounds (i.e., bulk diffusivity, Db > 10
-10 cm2 s-1). 32 
Most atmospheric chemical transport models currently assume liquid organic particles with 33 
either rapid or instantaneous equilibration of SVOCs8. The use of the mass-based equilibrium 34 
versus the kinetic approach to partition all of the SOA formed in an atmospheric model can 35 
dramatically alter the aerosol size distribution and have a large impact on the simulated aerosol 36 
radiative effects9. 37 
However, the physicochemical processes governing SOA formation are more complex than 38 
currently represented in atmospheric models10. For instance, SOA formation can occur via 39 
absorption of SVOCs into pre-existing aerosol, followed by rapid particle-phase reactions to 40 
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form nonvolatile products11,12. A rapid particle-phase reaction effectively lowers the 41 
concentration of the condensing SVOC at the particle surface, and its effect is reflected in the 42 
evolution of the SOA size distribution12,13. In the case of an instantaneous particle-phase 43 
reaction, the surface concentration of the condensing compound becomes zero, and the 44 
resulting size distribution evolution is identical to that seen in kinetic condensation of 45 
nonvolatile compounds14. Relatively slower particle-phase accretion reactions of some SVOCs 46 
or “monomers” also produce significant amounts of effectively nonvolatile oligomers with large 47 
molecular weights15-20. These oligomers are thought to be responsible for increasing the 48 
viscosity of SOA particles, making them glassy or semisolid under dry to moderate relative 49 
humidity (RH), gradually transitioning to a liquid-like state at higher RH19-27. Low bulk diffusivity 50 
(Db < 10
-13 cm2 s-1) inside viscous semisolid particles can slow down evaporation of SVOCs28-31, 51 
inhibit gas-particle partitioning of SVOCs, prolong equilibration timescales14,32,33, and affect 52 
chemical reactivity34-37. While increase in RH affects evaporation38-40 and inter-particle mixing 53 
processes41 in some SOA systems, broader implications of low Db on growth and size 54 
distribution dynamics of viscous SOA are poorly understood. 55 
Here we report results from a laboratory chamber investigation of growth and evaporation 56 
kinetics of SOA formed from photooxidation of isoprene—the most abundantly emitted non-57 
methane biogenic VOC on Earth42. Our experimental strategy consisted of a bimodal aerosol 58 
used as seeds upon which isoprene SOA was formed. SOA volatility was estimated from 59 
evaporation kinetics of size-selected particles at room temperature in a separate chamber28,38. 60 
The role of bulk diffusion in modulating gas-particle partitioning was then assessed through a 61 
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model closure of the evaporation and growth kinetics, with compositional constraints provided 62 
by particle-phase organic speciation measurements. 63 
EXPERIMENTAL SECTION 64 
Growth Experiments. Two aerosol growth kinetics experiments were conducted under dry (RH 65 
~10%) and low-NOx conditions in 10.6 m
3 FEP Teflon environmental chamber at Pacific 66 
Northwest National Laboratory43 (Figure S1). The chamber was continually flushed with purified 67 
air prior to the start of each experiment until particle number concentrations <10 cm-3 were 68 
observed with a Scanning Mobility Particle Sizer (SMPS). The experiments were run in the batch 69 
mode where reactants were added to the chamber in discrete quantities.  70 
Each experiment consisted of two stages. In Stage 1 of Experiment 1, isoprene was injected to 71 
the chamber either by evaporating a measured quantity of liquid under a stream of pure air or 72 
through addition of metered volumes from a calibrated cylinder. Hydrogen peroxide (50%, 73 
Aldrich) was evaporated into the chamber by gently warming the liquid under a flow of pure air 74 
and served as an OH radical precursor. Chamber RH was measured with a Rotronics sensor (SC-75 
05) located inside the chamber. Aitken mode ammonium sulfate (AS) seed particles (dry 76 
diameter, Dp ~50 nm) were injected into the chamber by atomizing, drying, and size-selecting 77 
them with a DMA (TSI, 3080L). Photochemistry was initiated by turning on 104 UV-blacklights 78 
(Q-labs, UV-340) symmetrically surrounding the chamber that produced a stable UV flux 79 
equivalent to a photolysis rate of JNO2 = 0.2 min
-1 and JH2O2 ~ 2.8 × 10
-3 min-1. NO2 photolysis rate 80 
was determined using two methods—the photochemical stationary state method44 and by direct 81 
measurement using a JNO2 radiometer
45. The two measurements are in agreement. The H2O2 photolysis 82 
rate was determined by tuning a simple model to generate the concentrations of OH needed to explain 83 
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the observed isoprene decay rate. Multiple aliquots of the reactants were added and allowed to 84 
react to condense SOA on the AS seed particles and grow them to >200 nm (accumulation 85 
mode). The UV lights were then turned off and Aitken mode AS seed (Dp ~40 nm) particles were 86 
then injected into the chamber to prepare the bimodal aerosol. Then in Stage 2 of the 87 
experiment, the UV lights were turned on to form additional isoprene SOA on the pre-existing 88 
bimodal aerosol. At the end of Stage 1 and Stage 2, size-selected samples of the accumulation 89 
mode SOA particles, respectively denoted as “P1” and “P2”, were transferred into separate 90 
small chambers to study their evaporation kinetics under dry conditions (RH < 5%) and at room 91 
temperature. 92 
Experiment 2 was conducted in same manner as Experiment 1, except that the accumulation 93 
mode seed SOA (in Stage 1) was formed from photooxidation of α-pinene (instead of isoprene). 94 
The UV lights were turned off after α-pinene was almost completely consumed toward the end 95 
of Stage 1, followed by injection of isoprene and Aitken mode AS seed (Dp ~40 nm) into the 96 
chamber. Then in Stage 2, the UV lights were again turned on to form additional isoprene SOA 97 
on the pre-existing bimodal aerosol. The time evolution of key variables in Experiments 1 and 2 98 
are illustrated in Figures S2 and S3, respectively. 99 
Isoprene and α-pinene mixing ratio and some of their oxidation products were measured online 100 
(i.e., in real time) with a Proton Transfer Reaction Mass Spectrometer46 (PTR-MS; Ionicon HS). 101 
The PTR-MS was regularly calibrated during the experimental work using a cylinder of known 102 
gas concentrations. Particle size distributions were measured continuously using an SMPS (TSI, 103 
3936). The SMPS data were recorded with a time resolution of 5 min, and the instrument was 104 
set to measure particles in the range 14–710 nm mobility diameter divided into 110 105 
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logarithmically distributed size bins. Data were processed with standard TSI software including 106 
a correction for multiple-charged particles.  107 
Aerosol composition was continuously measured with an Aerodyne High Resolution Time-of-108 
Flight Aerosol Mass Spectrometer47,48 (HR-ToF-AMS). AMS data were processed using standard 109 
techniques described in the literature and regularly calibrated through the laboratory 110 
campaign49. Volume measurements from the SMPS and that derived from the AMS 111 
measurements agreed to within the measurement uncertainty. The SOA mass concentrations 112 
reported here were calculated from SMPS volume, using a density of 1.4 g cm-3 for SOA 113 
(measured by miniSPLAT) and 1.77 g cm-3 for the ammonium sulfate core. 114 
A suite of oxygenated products in the particle-phase were analyzed in Experiment 1 with a high-115 
resolution time of flight chemical ionization mass spectrometer (HR-ToF-CIMS) using iodide 116 
adduct ionization as described previously50-52, coupled to a Filter Inlet for Gases and AEROsols51 117 
(FIGAERO). FIGAERO samples were timed to approximately coincide with the samples P1 and 118 
P2. After a particle collection period, the filter was heated at a rate of 10 or 15 °C min-1 to 200 119 
°C for a temperature-programed thermal desorption and then kept at 200 °C for the remainder 120 
of the desorption time (40 min total desorption time). A more detailed description of FIGAERO 121 
and HR-ToF-CIMS is given in the Supporting Information. 122 
At the end of the Experiment 1, an aerosol sample taken from the environmental chamber was 123 
collected onto the Teflon filter for offline analysis. The SOA sample was probed directly from 124 
the filter using a custom-built Nanospray Desorption Electrospray Ionization (Nano-DESI) source 125 
coupled to a high resolution LTQ-Orbitrap mass spectrometer53,54 (Thermo Electron, Bremen, 126 
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Germany). A more detailed description of Nano-DESI-HRMS is given in the Supporting 127 
Information. 128 
Evaporation Experiments. The particle samples P1 and P2 (collected during Experiment 1) were 129 
size-selected with a differential mobility analyzer (DMA, TSI Inc., Model 3081) and passed 130 
through two charcoal denuders (TSI Inc., Model 3062) connected in series and kept at room 131 
temperature to remove gas-phase organics. Particles with a narrow distribution of mobility 132 
diameters and low number concentrations (~100 cm-3) were loaded into one of the evaporation 133 
chambers (volumes of 7, 11, or 13 L) that were partially filled with activated charcoal to 134 
continuously remove the evaporated organics28. The evaporation chambers were operated at 135 
room temperature and RH <5%.  136 
Typical duration of the evaporation experiments was ~24 hours during which particle vacuum 137 
aerodynamic diameter (Dva), shape, density, and composition were periodically measured using 138 
single particle mass spectrometer, miniSPLAT55 (a detailed description is given in the Supporting 139 
Information). Particle evaporation kinetics was thus quantified by measuring changes in Dva, 140 
with 0.5% precision. Since the spherical SOA-containing particles did not change their shape 141 
during evaporation process, and the density of SOA increased only by <2% during early stages 142 
of evaporation and remained constant thereafter, the observed changes in Dva can be directly 143 
related to changes in volume fraction of organics, taking into account the contribution of AS 144 
seeds. While the particle number concentration in the evaporation chamber decreased due to 145 
wall losses and continual sampling, these losses had no effect on the evaporation rates, which 146 
were determined from the measured changes in particles Dva. 147 
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Box Models. A multi-layer particle box model was used to interpret evaporation kinetics. The 148 
model divides a single spherical particle into 200 concentric layers and explicitly simulates mass 149 
transfer of multiple compounds from the particle by taking into account compound volatility 150 
(C*), gas-phase diffusivity (Dg), interfacial mass accommodation (α), intra-particle bulk 151 
diffusivity (Db), and reversible particle-phase reactions
14. 152 
The sectional aerosol box model MOSAIC (Model for Simulating Aerosol Interactions and 153 
Chemistry)14,56 was used to interpret the observed bimodal aerosol growth kinetics. MOSAIC 154 
dynamically partitions multiple compounds to all particle size bins by taking into account 155 
compound volatility, gas-phase diffusion, interfacial mass accommodation, intra-particle bulk 156 
diffusion, and reversible particle-phase reactions. The thermodynamic driving force for mass 157 
transfer is governed by Raoult’s law; bulk diffusion is treated using the two-film theory. More 158 
detailed descriptions of the multi-layer model and MOSAIC are given in the Supporting 159 
Information. 160 
RESULTS AND DISCUSSION 161 
Figure 1 shows the observed time evolutions of aerosol number and volume size distributions 162 
to illustrate the growth kinetics of the bimodal aerosol due to isoprene SOA formation during 163 
Stage 2 of Experiments 1 and 2. In terms of mode diameters, the ~40 nm Aitken mode rapidly 164 
grew to about 100 nm or more while the accumulation mode experienced relatively modest 165 
growth. Table S1 summarizes the mode diameters and SOA mass concentrations in the two 166 
modes at the beginning of Stage 1 (initial) and after ∆t = 60 min (Experiment 1) and 32 min 167 
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(Experiment 2) of growth. Our objective is to unravel the physicochemical mechanisms 168 
governing the growth kinetics of the two modes in both experiments.  169 
Multigenerational photooxidation of isoprene forms many products, but their yields, volatilities, 170 
and SOA formation mechanisms are uncertain. Under dry and low-NOx conditions, as is the case 171 
here, isoprene photooxidation can form isoprene dihydroxydihydroperoxide (C5H12O6) and 172 
related species that lead to SOA formation45,52,57. Since growth kinetics crucially depends on the 173 
volatility of the condensing compounds as well as their particle-phase diffusivity and 174 
reactivity12,14, we first interpreted the evaporation kinetics to estimate these quantities, and 175 
then used them to constrain the interpretation of the growth kinetics. 176 
Interpreting Evaporation Kinetics. A multi-layer particle model was used to simulate the 177 
evaporation of size-selected accumulation mode isoprene SOA samples P1 (initial) and P2 (after 178 
growth) obtained in Experiment 1. FIGAERO thermograms showed that about 50-60% of 179 
isoprene SOA mass was composed of C5H12O5 and C5H12O6 while the remaining 40-50% mass 180 
consisted of several compounds that desorbed at unexpectedly high temperatures and were 181 
inferred as thermal fragmentation products of oligomers52 (Figures 2a and 2b). The total SOA 182 
mass estimated from the sum of individual FIGAERO thermograms was in excellent agreement 183 
(within ~4% difference) with that calculated using SMPS volume. Additionally, offline Nano-184 
DESI-HRMS analysis of isoprene SOA sample qualitatively confirmed the presence of C5H12O5 185 
and C5H12O6 as major products mixed with several different oligomers (Figure 2c). The particle-186 
phase O:C ratio for isoprene SOA, as determined from the HR-ToF-AMS measurements, 187 
remained at ~0.9 throughout Stages 1 and 2. 188 
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The compositions of SOA samples P1 and P2 are summarized in Figure 3a. As shown in Figures 189 
3c and 3d, more than 90% of isoprene SOA evaporated over a period of about 25-28 h. This 190 
suggests that the oligomers slowly decomposed at room temperature to form semi-volatile 191 
monomers that subsequently evaporated from the particles58. Furthermore, the distinctly 192 
different rates of evaporation over the first 5 h and the subsequent 15-20 h periods suggest the 193 
presence of at least two types of oligomers with different decomposition timescales. The 194 
complex mixture of oligomers was represented in the model by two surrogate nonvolatile 195 
dimers – Dimer1 and Dimer2, each reversibly formed from respective surrogate monomers – 196 
SVOC1 and SVOC2, with the same formation rate constant (kf) but different decomposition 197 
constants (kd,1 and kd,2): 198 
→+ ←
,1
1 1 1
SVOC SVOC  Dimer
f
d
k
k
 , and   (1) 199 
→+ ←
,2
2 2 2
SVOC SVOC  Dimer
f
d
k
k
    (2) 200 
Since evaporating monomers could not be explicitly identified from FIGAERO thermograms, 201 
both SVOC1 and SVOC2 were assumed to have molecular weights of 136 g mol
-1 and their 202 
corresponding dimers were assumed to have molecular weights of 272 g mol-1. The dimer-203 
monomer pairs were assumed to be at equilibrium and uniformly distributed in the particle’s 204 
organic phase at the start of the evaporation experiment. Mass accommodation coefficients (α) 205 
of all the evaporating compounds were assumed at 0.1. The bulk gas-phase concentrations 206 
were assumed at zero as the particle evaporated. 207 
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The multi-layer model was manually iterated to determine the volatility (C*) of the four 208 
compounds (C5H12O5, C5H12O6, SVOC1, SVOC2) for different values of Db, kf, kd,1, and kd,2 that 209 
reproduced the observed evaporation kinetics. Although this problem has multiple solutions 210 
due to lack of enough independent constraints, the plausible solutions (i.e., those that take into 211 
account reversible oligomer formation) required all four evaporating species to be semivolatile 212 
(i.e., C* > 0.3 µg m-3). A set of rate constants values of kf = 3 × 10
-6 m3 mol-1 s-1, kd,1 = 5 × 10
-4 s-1 213 
and kd,2 = 1.4 × 10
-5 s-1 was determined such that the pseudo-first order forward reaction 214 
timescales of SVOC1 and SVOC2 at equilibrium were respectively about 10 and 30 min. The 215 
room temperature decomposition timescales of Dimer1 and Dimer2 were respectively about 30 216 
and 1000 min, such that the dimers constituted the dominant fraction at equilibrium. Upon 217 
heating the SOA samples at the rate of 10-15 °C min-1 to 200 °C, FIGAERO detected small, high 218 
volatility compounds during desorption, suggesting they are likely fragmentation products of 219 
oligomers59-61 as opposed to decomposition of oligomers to monomers. The FIGAERO 220 
thermograms support the long decomposition timescales estimated here for the two dimers, 221 
such that they would largely fragment before decomposing back to monomers during 222 
temperature-programmed thermal desorption. Using the same set of values for the rate 223 
constants, it was possible to obtain different sets of C* values as a function of Db that 224 
reproduced the observed evaporation kinetics. The same value of Db was assumed for all four 225 
compounds and was held constant throughout the simulation.   226 
Figure 3b shows two sets of C* values for: (i) high bulk diffusivity values representing the 227 
“liquid-like scenario” (Db > 10
-10 cm2 s-1), and (ii) a low bulk diffusivity value representing the 228 
“semisolid scenario” (Db = 2 × 10
-15 cm2 s-1). The Db value in semisolid scenario is consistent with 229 
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the low end of the range recently estimated for isoprene SOA under dry conditions, based on 230 
the Stokes-Einstein relation between viscosity and diffusivity25. In both scenarios, the C* of 231 
C5H12O5 and C5H12O6 were ~1-2 µg m
-3, consistent with the 0.5-2 µg m-3 range independently 232 
estimated from FIGAERO thermograms52. The C* of SVOC1 and SVOC2 were 30 and 3 µg m
-3 in 233 
the liquid-like scenario, while they were both 30 µg m-3 in the semisolid scenario. The predicted 234 
evaporation curves for the liquid-like and semisolid scenarios are shown in Figures 3c and 3d, 235 
respectively. The evaporation profiles of individual compounds are shown in Figure S4. Similar 236 
sets of C* values can be obtained by varying Db, kf, kd,1, and kd,2. In general, the fitted C* values 237 
of all compounds tended to increase (or remained constant) with decreasing Db. The fitted C* 238 
values of C5H12O5 and C5H12O6 were insensitive to variation in kf, kd,1, and kd,2  while the fitted 239 
C* values of SVOC1 and SVOC2 decreased with increasing values of these rate constants. It was 240 
also possible to reproduce evaporation kinetics by ignoring oligomer formation and instead 241 
simply assuming that the evaporating compounds do not chemically react within liquid-like 242 
particles. In this scenario (not shown in Figure 3), the fitted C* values for C5H12O5, C5H12O6, 243 
SVOC1, SVOC2 were 1.1, 1.1, 10, 0.05 µg m
-3, respectively. Here, SVOC2 is a low volatility 244 
compound instead of semivolatile, and this scenario is referred to as “low-volatility scenario”. 245 
The question is which or any of these estimated sets of C* values can also explain the observed 246 
growth kinetics, with the implicit assumption that the compounds inferred from evaporation 247 
kinetics are the same as those that condensed from the gas phase to form the SOA. 248 
Interpreting Growth Kinetics. Figure 4 shows the growth of the bimodal aerosol during Stage 2 249 
of Experiment 1. Over a period of 60 min, the ~40 nm Aitken mode grew to 82 nm while the 250 
209 nm accumulation mode grew to 217 nm. In terms of the newly added SOA mass, the Aitken 251 
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and accumulation modes grew by 0.45 µg m-3 and 1.48 µg m-3, respectively, after correcting for 252 
particle wall loss. We used the sectional aerosol box-model MOSAIC to simulate the effects of 253 
volatility and bulk diffusivity on the growth kinetics of these two modes. Isoprene mixing ratio 254 
and aerosol size distribution in the model were initialized using observations at the beginning of 255 
Stage 2. The compositions of the Aitken and accumulation modes were initialized to ammonium 256 
sulfate and that estimated for the P1 sample (with a 50 nm ammonium sulfate core), 257 
respectively. The OH radical concentration in the model was tuned to reproduce the observed 258 
decay of isoprene in the chamber. Although it takes several steps to produce condensable 259 
oxidation products from isoprene photooxidation, the isoprene + OH reaction in the model was 260 
parameterized to directly form C5H12O5, C5H12O6, SVOC1, and SVOC2. The gas-phase yields of 261 
these four compounds were then adjusted such that the final bulk SOA composition predicted 262 
by the model matched that of the P2 sample, while the total amount of SOA formed in the 263 
model was constrained to the wall-loss corrected value of 1.93 µg m-3 observed after 60 min. 264 
This modeling approach effectively circumvents the uncertainties associated with gas-phase 265 
multigenerational photochemistry of isoprene and the yields of condensable oxidation 266 
products, their volatilities, and vapor wall losses. The simulation period ( ∆t ) was limited to 60 267 
min so that particle wall loss could be neglected in the model calculations. 268 
The two sets of C* values shown in Figure 3b were used to simulate the growth kinetics for the 269 
liquid-like and semisolid scenarios. And as done previously, the same set of values for kf, kd,1, 270 
and kd,2 was used for both scenarios. In the liquid-like scenario, the growth predictions were 271 
essentially insensitive to Db > 10
-10 cm2 s-1. In the semisolid scenario, the Aitken and 272 
accumulation modes were allowed to take different values of Db, but the prescribed value in 273 
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each mode was held constant throughout the simulation for simplicity. We did not attempt to 274 
parameterize Db as a function of composition in this study due to the large uncertainty 275 
associated with this parameter. Finally, we also simulated the growth kinetics by assuming that 276 
SOA was entirely formed from condensation of a single nonvolatile vapor. This scenario, which 277 
is referred to as the “nonvolatile scenario,” represents the extreme version of the low-volatility 278 
scenario discussed in section 3.1. Two simulations were carried out with mass accommodation 279 
coefficient value for the nonvolatile vapor of α = 0.1 and α = 1. Although clearly implausible in 280 
the light of evaporation data, the two nonvolatile scenarios examine the extreme sensitivity of 281 
the predicted aerosol growth kinetics to the volatility and mass accommodation coefficient of 282 
the condensing vapor. Lastly, aerosol growth kinetics due to instantaneous particle-phase 283 
chemical reaction of a semivolatile vapor is identical to that from condensation of a nonvolatile 284 
vapor. Thus, the nonvolatile scenarios also examine the extreme sensitivity of the predicted 285 
growth kinetics to the rate constant of the reactive semivolatile vapors that form oligomers. 286 
Figure 4 shows that the liquid-like scenario appears to reproduce the size of the accumulation 287 
mode particles, but severely under-predicted the growth of the Aitken mode. By neglecting 288 
bulk diffusion limitation, the liquid-like scenario tends to partition the condensing semivolatile 289 
organic vapors according to the pre-existing organic mass size distribution. As a result, the 290 
liquid-like scenario partitioned 1.89 µg m-3 (instead of observed 1.48 µg m-3) of the newly 291 
formed SOA to the accumulation mode at the expense of the Aitken, which received just 0.04 292 
µg m-3 (instead of the observed 0.45 µg m-3). The nonvolatile scenarios with α = 0.1 and α = 1 293 
were progressively better than the liquid-like scenario with respect to the predicted growth of 294 
the Aitken mode, but still fell significantly short compared to the observed growth. A 295 
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nonvolatile vapor or a highly reactive semivolatile vapor condenses according to the pre-296 
existing Fuchs-corrected surface area size distribution and thereby favors the growth of the 297 
smallest particles. Thus, the nonvolatile scenario with α = 1 represents the maximum possible 298 
growth of the Aitken mode within the conventional modeling framework, but it still failed to 299 
explain the observations. 300 
In contrast to the liquid-like and nonvolatile scenarios, the semisolid scenario was able to 301 
reproduce the growths of both Aitken and accumulation modes when their Db values were set 302 
to 2 × 10-14 and 2 × 10-15 cm2 s-1, respectively, with the latter being identical to that needed to 303 
reproduce the evaporation kinetics of the accumulation mode SOA. An order of magnitude 304 
larger value of Db required for the Aitken mode appears to be consistent with the relatively less 305 
volatile C5H12O5 and C5H12O6 initiating a liquid-like organic phase in the Aitken mode that then 306 
facilitated the absorption of more volatile vapors, which subsequently formed oligomers and 307 
gradually increased the viscosity with aging28,30,62. In contrast, the pre-existing SOA in the 308 
accumulation mode was relatively more aged, and hence more viscous, less volatile, and less 309 
diffusive. The resulting hindered growth of the accumulation mode SOA thus promoted the 310 
growth of the Aitken mode particles that were able to compete more effectively for the 311 
condensing semivolatile vapors. Figure S5 illustrates the sensitivity of the predicted growth 312 
kinetics to the prescribed Db values for each mode in Experiment 1, with the semisolid scenario 313 
Db values shown in Figure 4 as the base case. It can be seen that a higher than base case Db 314 
value for the accumulation mode or a lower than base case Db value for the Aitken mode 315 
appreciably slows down the growth of the Aitken mode. In contrast, a lower than base case Db 316 
for the accumulation mode over predicts the growth of the Aitken mode. 317 
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Similar results were obtained for Experiment 2 in which isoprene SOA was formed in the 318 
presence of Aitken mode ammonium sulfate and accumulation mode α-pinene SOA seed 319 
particles. While α-pinene SOA is expected to be composed of a mixture of several compounds 320 
and oligomers, it was assumed in the model to be composed of a nonvolatile surrogate 321 
compound with a molecular weight of 200 g mol-1 for the purpose of kinetically partitioning 322 
isoprene SOA into it as governed by Raoult’s law. As before, the isoprene mixing ratio and 323 
aerosol size distribution in the model were initialized using observations at the beginning of 324 
Stage 2. The same two sets C* values for the liquid-like and semisolid scenarios along with the 325 
same set of values for kf, kd,1, and kd,2 were used as previously employed for modeling 326 
Experiment 1. Due to lack of FIGAERO-CIMS speciation measurements in Experiment 2, the gas-327 
phase yields of the four condensing compounds were adjusted to match the bulk composition 328 
of sample P2 of Experiment 1 (shown in Figure 3a). The total amount of predicted isoprene SOA 329 
was constrained to the wall-loss corrected observed value of 4.53 µg m-3 after 32 min into Stage 330 
2 of Experiment 2. As shown in Figure 5, the liquid-like and nonvolatile scenarios again under-331 
predicted the growth of the Aitken mode while the semisolid scenario was able to capture the 332 
growths of both the Aitken and accumulation modes when their Db values were respectively set 333 
to 2 × 10-14 and 2 × 10-15 cm2 s-1—the same as those used in modeling Experiment 1. In general, 334 
α-pinene SOA is expected to be more viscous than isoprene SOA25. However, large uncertainty 335 
exists in the viscosity measurements for α-pinene SOA under dry conditions25, with additional 336 
uncertainty present in estimating Db values using Stokes-Einstein relationship. The identical Db 337 
values for isoprene and α-pinene SOA needed in the present calculations is therefore likely 338 
fortuitous, but nevertheless affirm the presence of appreciable particle-phase diffusion 339 
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limitation in the aged accumulation mode SOA in both experiments. Figure S6 illustrates the 340 
sensitivity of the predicted growth kinetics to the prescribed Db values for each mode in 341 
Experiment 2, with the semisolid scenario Db values shown in Figure 5 as the base case. The 342 
sensitivity results are similar to those discussed for Experiment 1. 343 
Since any particle-phase diffusion limitation to condensing SVOCs should inhibit the growth of 344 
both small and large particles, the enhanced growth of small particles resulting from diffusion-345 
limited growth may therefore seem counterintuitive. However, this is possible because the 346 
intra-particle bulk diffusion timescales varies as 2pD  while the particle mass varies as 
3
pD . For 347 
instance, organic particles with Dp = 20 nm and 200 nm respectively have bulk diffusion 348 
timescales of about 1 and 100 min for the same value of Db = 1 × 10
-15 cm2 s-1, but the amount 349 
of mass needed to double the size of one hundred 20 nm particles is equivalent to growing a 350 
single 200 nm particle to 240 nm. Therefore, even modest hindrance in the uptake of SVOCs by 351 
large semisolid particles allows the SVOCs to be available for absorption by ultrafine particles 352 
that have lower diffusion limitations due to smaller size. If these SVOCs undergo particle-phase 353 
reactions to form low volatility products, as is the case in the present study, then the small 354 
particles will continue to absorb the SVOCs and grow at the expense of larger particles. 355 
Although growth kinetics experiments need to be conducted as a function of RH and for other 356 
SOA systems, current results demonstrate that hindered growth of large viscous organic 357 
particles in the atmosphere can enhance the growth of co-existing ultrafine particles and 358 
thereby affect the production of climatically-active particles under relatively dry conditions in 359 
the mid-latitudes as well as under relatively cold conditions in the middle and upper 360 
troposphere where organic particles likely exist in semisolid or solid phase state62. 361 
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FIGURES 362 
 363 
 364 
 365 
Figure 1. Observed time evolutions of (a, b) aerosol number size distributions and (c, d) aerosol 366 
volume size distributions in Experiments 1 and 2. The initial (Stage 1) bimodal aerosol in 367 
Experiment 1 consists of an Aitken mode composed of ammonium sulfate (AS) and an 368 
accumulation mode composed of isoprene SOA. The initial (Stage 1) bimodal aerosol in 369 
Experiment 2 consists of an Aitken mode composed of AS and an accumulation mode 370 
composed of α-pinene SOA. Growth of the bimodal aerosol in Stage 2 occurred due to isoprene 371 
SOA formation in both experiments.  372 
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 373 
 374 
 375 
Figure 2. Chemical composition of isoprene SOA formed in Experiment 1. (a) FIGAERO HR-ToF-376 
CIMS thermograms for sample P1. The sum thermogram (black line) represents the sum signal 377 
of all compounds with formula CxHyOzI-. The remainder of the signal is shown in blue. While the 378 
sum of C5H12O5 and C5H12O6 (red line) have a Gaussian-like shape with a defined Tmax at 75-78 379 
°C, the remaining signal (blue line) shows a broad desorption profile. The thermogram of the 380 
remaining signal shows that the material is resistant to evaporation and is inferred as a mixture 381 
of oligomers. (b) FIGAERO HR-ToF-CIMS thermograms for sample P2. (c) Nano-DESI-HRMS 382 
spectra of SOA sample collected at the end of the experiment, with the positive mode ions 383 
identified and assigned with CxHyOz formulas. 384 
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 385 
 386 
Figure 3. Evaporation kinetics of the large-mode isoprene SOA particles obtained in Experiment 387 
1. (a) Estimated initial compositions of SOA in samples P1 and P2 (as indicated in Figure S2a) 388 
based on interpretation of FIGAERO-CIMS thermograms (Figure 2a). Sample P1 represents aged 389 
isoprene SOA formed during Stage 1 of the experiment and sample P2 represents its state after 390 
additional isoprene SOA formation in Stage 2. (b) Estimated volatilities (C*) of the four 391 
constituent compounds, with SOA modeled as liquid-like (with Db > 10
-10 cm2 s-1) and as 392 
semisolid (with Db = 2 X 10
-15 cm2 s-1). Comparison of the observed organic volume fraction 393 
remaining (VFR) as a function of time for the P1 and P2 samples with that modeled as (c) liquid-394 
like and (d) semisolid. The model was initialized using the estimated SOA compositions shown 395 
in (a) and the estimated species volatilities shown in (b).  396 
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 397 
 398 
Figure 4. Comparison of the observed and predicted aerosol size distribution evolution due to 399 
isoprene SOA formation during Stage 2 of Experiment 1. Gray dots represent the observed 400 
initial bimodal aerosol size distributions consisting of Aitken mode ammonium sulfate particles 401 
and accumulation mode isoprene SOA. Black dots represent the observed size distribution after 402 
growth due to additional isoprene SOA formation. The lines represent model predictions for 403 
different scenarios. The liquid-like scenario (with Db > 10
-10 cm2 s-1), which assumes rapid 404 
diffusion of the condensing organic molecules inside the particle phase—similar to 405 
instantaneous equilibrium gas-particle partitioning—and grossly under predicts the growth of 406 
the Aitken mode. Even the nonvolatile vapor condensation scenarios, with mass 407 
accommodation coefficient α = 0.1 and 1, fail to explain the growth of the Aitken mode. The 408 
semisolid scenario successfully reproduces the growth of both the Aitken and accumulation 409 
modes, with the required Db values as indicated in the plot.  410 
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 411 
 412 
 413 
Figure 5. Comparison of the observed and predicted aerosol size distribution evolution due to 414 
isoprene SOA formation during Stage 2 of Experiment 2. Gray dots represent the observed 415 
initial bimodal aerosol size distributions consisting of Aitken mode ammonium sulfate particles 416 
and accumulation mode α-pinene SOA. Black dots represent the observed size distribution after 417 
growth due to additional isoprene SOA formation. The lines represent model predictions for 418 
different scenarios. The liquid-like (Db > 10
-10 cm2 s-1) and nonvolatile (α = 0.1) scenarios under-419 
predict the growth of the Aitken mode while the semisolid scenario successfully reproduces the 420 
growth of both the Aitken and accumulation modes, with the required Db values as indicated in 421 
the plot.  422 
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